INTRODUCTION
Fusarium oxysporum Schlecht., a widespread soil pathogen, causes vascular wilt in more than 100 plant species and is considered one of the 10 economically and scientifically most important pathogenic fungi in the world (Dean et al. 2012 , Pantelides et al. 2013 . In Brazil, Fusarium oxysporum f. sp. phaseoli (Fop) occurs in almost all common bean-producing areas (Toledo-Souza et al. 2012) , reducing the yield significantly. According to Ramalho et al. (2012) , this happens due to successively adoption of Fop-susceptible cultivars, which is hampering common bean cultivation under center pivot irrigation in several producing areas.
At Fop-free areas, the pathogen is generally introduced by infected seeds and contaminated agricultural implements. It survives either as a saprophyte or through the production of chlamydospores, which remain in the soil for many years. The integrated disease management of Fusarium Wilt (FW) is limited to crop rotation, seed treatment and use of resistant cultivars. Cross et al. (2000) and Pereira et al. (2009) stated that the use of resistant cultivars is the most effective method of controlling the economic losses caused by Fusarium wilt.
The severity of Fusarium wilt in common bean is usually assessed by a grade scale developed by Pastor-Corrales and Abawi (1987) , based on the symptom of plant canopy wilting as main criterion. However, Pereira et al. (2013) reported that aside from wilting, the plant is affected by stunted growth in some Fop-infected bean cultivars. To assess this trait by quantifying the rate of stunted growth, plants of the same genotype are used as negative control (uninoculated), which restricts the evaluation to genotypes with high degree of uniformity (lines or hybrids).
Hybridization is a method used in bean breeding and an accurate selection of the parents for crossing is decisive to determine the success of the program (Ramalho et al. 2012) . In diallel crosses, the general and specific combining ability can be estimated, and the predominant genetic control of the trait can be determined.
There are no reports of the use of stunted plant growth as a response of Fop susceptibility neither for choice of common bean parents to Fusarium wilt resistance. Thus, our objective was to estimate the general and specific combining ability of parents for common bean breeding for resistance to Fusarium wilt, based on disease severity and reduced plant growth.
MATERIAL AND METHODS

Plant material
Cultivars and elite lines of carioca bean with upright growth habit or high yield potential were chosen for group 1 of the partial diallel (BRS Estilo, VC 13 and VC 25). Group 2 included putative Fop-resistant genotypes BRSMG Talismã, CVIII 8511, Pérola, RC-I-8 and CNFC 11965. The diallel crosses were made by hand-pollinating the female parents without emasculating (Peternelli and Borém 1999) . The crosses were made in a greenhouse, in a 3 x 5 partial diallel, in 2013, resulting in 15 F 1 hybrids. In stage R9, F 1 seeds were harvested and stored for later experiments.
Evaluated traits
Reaction to Fop
In the greenhouse, the eight parents and their 15 F 1 hybrids (totaling 23 treatments) were evaluated for Fop resistance. The experimental design was completely randomized with three replications in experimental units consisting of one pot with three plants.
The isolate FOP UFV 01 was collected from plants of the common bean cultivar Meia Noite with typical Fusarium wilt symptoms, in Coimbra (Minas Gerais, Brazil) (Pereira et al. 2013) . Pereira et al. (2013) inoculated FOP UFV 01 in differential cultivars of beans, proposed by Woo et al. (1996) and Alves-Santos et al. (2002) , and concluded that this isolate is a new race of the species. FOP UFV 01 inoculum was produced with PDA (potato -dextrose -agar) discs containing mycelia that were transferred to Petri dishes containing PDA. The plates were maintained for 14 days in a growth chamber at 25 ± 1 ºC, under a 12-h photoperiod. The spore suspension was prepared one hour before inoculation at a concentration of 1 x 10 6 conidia mL -1
, including macro and microconidia, as recommended by Pastor-Corrales and Abawi (1987) .
To inoculate the genotypes, the roots were immersed in a conidia suspension, as proposed by Pastor-Corrales and Abawi (1987) . In order to do so, seeds of the 23 genotypes were sown in 128 cell-trays containing Topstrato® vegetable substrate, and maintained in a greenhouse for germination and seedling growth. In stage V2 (fully expanded primary leaves), the seedlings were carefully removed from the trays, the roots were washed and 1/3 of their length was cut off. Immediately after cutting, the seedling roots were immersed in the macro and microconidia suspension of isolate FOP UFV 01 for 5 min. Thereafter, the seedlings were transplanted to plastic pots containing 2.5 L Topstrato® substrate and maintained in a greenhouse at 25 ± 3 ºC. The plants were irrigated daily and 10 days after inoculation (DAI), each pot was fertilized with 1.0 g urea as N source.
The reaction of genotypes to Fusarium wilt was evaluated in grades on a 1-9 disease severity scale, as described by Pastor-Corrales and Abawi (1987) , based mainly on shoot wilting intensity, where: 1 = no visible symptoms; 3 = 1% to 10% of symptomatic leaves (leaves with mild chlorosis and wilting); 5 = 11% to 25% of symptomatic leaves (leaves with moderate chlorosis and wilting); 7 = 26% to 50% of symptomatic leaves (leaves with severe wilting and chlorosis) and 9 = dead or severely infected plant. The plants were assessed 15, 18 and 21 DAI, and the severity grade of Fusarium wilt in the last assessment (SFW) was used to classify genotypes for Fusarium wilt reaction. As suggested by Pastor-Corrales and Abawi (1987) , the reaction of genotypes with a mean grade between 1.0 and 3.0 was considered resistant, from RO Batista et al. 3.1 to 6.0 intermediate and 6.1 to 9.0 susceptible.
The area under the disease progress curve (AUDPC) was calculated as proposed by Shaner and Finney (1977) , in three assessments, as follows:
where:
Y i = severity of Fusarium wilt at the i th observation, T i = time (days after inoculation) at the i th observation and n = total number of evaluations.
Reduction in plant growth
The reduction in plant growth was assessed by reduction in plant height and fresh weight of the plant shoot. To this end, six seedlings of the same genotype were inoculated with FOP UFV 01 and 1/3 of their roots was cut off and immersed in distilled water for 5 min and transplanted into two pots, as a negative control. In this case, two replications and plots of one pot with three plants were used. After the last disease severity evaluation, one plant per pot of the FOP UFV 01-inoculated plots as well as of the negative control was cut and the height measured from the cotyledon node to the insertion of the last leaf, expressed in centimeters (cm). Then, each plant was wrapped separately in a paper bag and weighed to determine the shoot fresh weight (grams). The percentage of plant height reduction (PHR) and plant shoot fresh weight reduction (PSWR) in FOP UFV 01-inoculated plants, for each replication, was calculated from the mean height and fresh weight measured in the negative control plants, as follows:
, where: 
Grain yield
Grain yield (GY) was measured in a field experiment at the Experimental Station in Coimbra city (lat 20º 45' S, long 42º 51' W, alt 690 m asl). Seeds of the eight parents and their 15 F 1 hybrids (totaling 23 treatments) were sown in the 2014 dry season in a randomized block design with three replications. The plots consisted of two 1.5-m rows, spaced 0.50 m apart, with a planting density of 12 seeds per meter. At the time of harvest, all plants of the plot were cut by hand and the grains processed and weighed to determine grain yield in kg ha -1 . Note that no incidence of Fusarium wilt was detected in this season.
Genetic-statistical analyses
For the diallel analysis of SFW, AUDPC, PHR, PSWR and GY, the model of Griffing (1956) adapted to partial diallel was adopted, according to the following model:
Y ij = mean value of the hybrid combination between the i th parent of group I and the j th parent of group II; µ = overall mean of the diallel; g i = effect of general combining ability of the i th group 1; g' j = effect of general combining ability of the j th group of parent 2; s ij = effect of specific combining ability between parents of order i and j, of groups 1 and 2, respectively, and ε ij = mean experimental error. All genetic statistical analyses were performed with the software Genes (Cruz 2013) .
RESULTS AND DISCUSSION
Performance of parents and F 1 hybrids
For the degree of SFW, the parents VC 13 and VC 25 from group 1, and BRSMG Talismã and CVIII 8511 of group 2 showed excellent performance, in terms of resistance to FOP UFV 01 (score = 1). Parent Pérola was also noteworthy (degree = 1.67) ( Table 1 ). The other parents showed a reaction of susceptibility to Fop (scores > 7.7). Resistance is dominant to susceptibility based on the performance of the F1's. All families with one resistant parent produce resistant F1 progeny (R x R or R x S). All susceptible by susceptible crosses produced susceptible progeny (S x S). This is exactly what is expected from crosses between parents with dominant resistance genes. Other authors also observed dominance in the genetic control of Fusarium wilt resistance. Pereira et al. (2009) evaluated six crosses involving three resistant and four susceptible lines, and observed complete dominance in Fop resistance genetic control in common bean. The same result was reported by Cross et al. (2000) for two F 2 generations of crosses between Fop-resistant and Fop-susceptible Durango common bean parents.
The results of AUDPC for Fop reaction agreed with those of the SFW indicating that only the assessment at 21 days was sufficient to determine Fop severity and reaction (Resistant, Intermediate and Susceptible). Fop severity in common bean is usually evaluated only at 21 or 22 days (Pastor-Corrales and Abawi 1987, Cândida et al. 2009 , Pereira et al. 2009 ). However, in evaluations performed in different years, at different locations and under different managements, as reported by Madden et al. (2007) , the AUDPC proved effective to differentiate genotypes.
Considering the rate at which the growth of the parents is stunted, the percentage PHR and PSWR at Fop-susceptible plants was high, ranging from 43 to 63% (Table 1) . Among the resistant parents, stunted growth comportment was different. For the parents VC 13, BRSMG Talismã and CVIII 8511, a PHR and PSWR of up to 11.11% was observed, while for VC 25 and Pérola, which are also resistant, the growth reduction rate was higher, ranging from 18 to 26%. The performance of the parents and hybrids for growth stunted measured by the PHR and PSWR in disagreement with Fop-resistance assessed by SFW or AUDPC indicates that the genetic control of stunted growth is more complex, being controlled by a set of dominant and recessive genes. Thus, the results of SFW compared with the PHR and PSWR indicate that the genes involved in Fusarium wilt resistance are probably not those involved in stunted growth. These results also show that the traits PHR and PSWR, in addition to SFW, can potentially be used in the selection and discrimination of parents for Fop resistance.
With regard to the growth reduction rate of the hybrids, in general, hybrids resulting from crosses involving at least one parent with high PSWR and PHR values also had a high reduction rate, e.g., hybrids 1, 2 3, 4, 5, 7, 10, 11, and 12 (Table 1 ). The hybrids 9 to 14, however, resulting from crosses of CNFC 11965 with VC 13 and VC 25, had stunted growth with values close to the mean growth reduction rate of their parents. Hybrids 6 and 8, derived from parents that are resistant and have low growth reduction, had higher reduction rates than their parents. Hybrid 15 resulting from a cross between VC 25 and Pérola, both of which are resistant and have high reduction rates, had a high reduction rate as well. However the growth reduction in hybrid 13, resulting from a cross between VC 25 (resistant with a high reduction rate) with CVIII 8511 (resistant with a low reduction rate) was lower. These divergent results evidence the complexity of genetic control of growth reduction rate of common bean in Fop infection.
The mean grain yield of the parents (4156.79 kg ha ) for this growing season. There was no incidence of Fusarium wilt in the evaluation experiment of grain yield of parents and their F 1 hybrids. This trait will be studied in more detail in the diallel analysis.
Diallel analysis
The treatments had a significant effect (p <0.01) on the traits SFW, AUDPC, PHR, PSWR, and GY (Table 2) . Sum of squares of treatments was partitioned into effect of parents, hybrids and parents vs. contrast hybrids ( Table 2 ). The effect of parents of groups 1 and 2 was also significant (p <0.05) on all traits, except for GY, for group 2 informing that, for the significant traits, there is variability between parents in the frequency of favorable alleles involved in the genetic control of the traits under study. The effect of G1 in comparison with G2 on the traits SFW, PHR, PSWR, and GY was significant (p <0.05) and non-significant on AUDPC.
The effect of hybrids was significant for all traits, indicating variability among the 15 hybrids (F 1 generation). This effect of hybrids was partitioned into effects of general combining ability (GCA 1 and GCA 2 ) and specific combining ability (SCA), which were significant for all traits ( Table 2 ). The significance of the effects of general combining ability indicates that there is a difference in the frequency of favorable alleles between the parents of that group, while the significance of SCA indicates the presence of dominance deviations in the genetic control of the traits under study. df -degree of freedom. *,** Significant at 5%and 1% probability, respectively, by the F test.
The sum of squares of the GCA (GCA 1 + GCA 2 ) compared to the sum of squares of SCA was similar for the traits SFW, AUDPC, PSWR and GY in magnitude, indicating a predominance of genes with complete dominance in the control of these traits. For the trait PHR, the sum of squares of the GCA (GCA 1 + GCA 2 ) exceeded that of SCA, with percentages of 70% and 30%, respectively, indicating predominance of genes with additive effects in the genetic control of this trait.
General combining ability
The parents VC 13, VC 25, BRSMG Talismã, CVIII 8511, and Pérola stood out having the lowest GCA values for SFW and AUDPC indicating a higher frequency of Fop resistance alleles (Table 3) . It is worth remembering that these parents were resistant to Fop and had the same GCA values. These results suggest that these parents have the same Fopresistance alleles, and that Fop-resistance is controlled by few dominant genes. For stunted growth, among the resistant parents (Table 2) , VC 13 of group 1 and CVIII 8511 of group 2 had the lowest GCA values for PHR and PSWR indicating that resistant-parents VC 13 and CVIII 8511 have lower frequency of alleles responsible for stunted growth caused by the pathogen. On the other hand, parent Pérola of group 2, also classified as resistant by SFW and AUDPC, had positive GCA for PHR and PSWR, indicating a higher frequency of alleles involved in stunted growth. These results indicate that different genes are involved in genetic control on traits of Fop severity (SFW and AUDPC) and stunted growth (PHR and PSWR) in common bean. Once traits SFW and AUDPC were evaluated on the scale of disease severity ratings developed by Pastor-Corrales and Abawi (1987) , the shoot wilting symptom is the main criterion. However, others symptoms such as plant growth and reduction of shoot biomass are not considered on this scale, besides happening in screening essays. Andrade et al. (2009) and Araújo and Teixeira (2012) reported that genotypes with reduced biomass production have lower grain yield. Facing these divergent results related to the performance of resistant-parents, stunted growth must also be taken into account in the selection of parents for Fusarium wilt resistance. The GCA values of parents VC 25 of group 1 and BRSMG Talismã of group 2 were lower than those of Pérola, but higher than those of parents VC 13 and CVIII 8511.
The parents VC 25 in group 1 and Pérola from group 2, in addition to being Fop-resistant, had positive GCA and high GY (Table 4) , indicating a higher frequency of favorable alleles for yield in these parents. BRS Estilo and RC-I-8 also had a positive but lower GCA. The lines of VC 13 of group 1 and CVIII 8511 of group 2, despite a negative GCA for GY, are Fop-resistant and have lower GCA values for stunted growth.
Specific combining ability
For the Fop severity traits (SFW and AUDPC), the SCA values were only negative (Table 4) in hybrids derived from crosses between contrasting parents for Fop resistance (R x S). All hybrids derived from crosses between resistant parents (R x R) had positive and equal SCA estimates. These results confirm the predominance of few genes with complete dominance in the genetic control of Fusarium wilt resistance. For the traits PHR and PSWR, the hybrid SCA estimates varied both in magnitude and in sign (Table 4) , regardless of the Fop-reaction of their parents as evaluated by SFW and AUDPC, indicating greater complexity of the trait stunted growth as compared to Fop-resistance evaluated by SFW or AUDPC. Hallauer and Miranda (1988) reported that crosses involving lines with the same genetic basis have negative SCA estimates. However, for traits such as stunted growth, for which the lowest values are preferred, positive high- Among the hybrids obtained from crosses of resistant parents (R x R) with negative GCC values for stunted growth (parents with low frequency of alleles involved in stunted growth), hybrid 8 (VC 13 x CVIII 8511) had the highest SCA, and hybrid 13 (VC 25 x CVIII 8511) had the lowest SCA, indicating the low divergence of parent CVIII 8511 from parent VC 13 and high divergence from parent VC 25 for the traits PHR and PSWR.
The SCA estimate of hybrid 15 (VC 25 x Pérola) was positive for GY and its parents had the highest GCA values. This hybrid only performs well in grain yield, since no Fusarium wilt occurred in the field and the parents presented a moderate reduction in growth rate. The segregating population resulting from the cross between hybrids 13 and 15 is promising for simultaneous breeding of common bean for the traits grain yield, Fusarium wilt resistance and stunted growth.
The results of this study show that the use of the trait stunted growth as assessed by PHR and PSWR, associated with Fop-resistance by SFW and AUDPC, increases effectiveness on identification of lines that are sources of Fusarium wilt resistance as well as in choosing parents, based on diallel analysis. It is worth noting that these traits (PHR and PSWR) should be used in a diallel analysis with parents and F 1 generations, since a negative control is required to evaluate stunted growth, consisting of plants of the same genotype as those that are Fop-inoculated.
In common bean breeding, the step after choosing the segregating populations with the greatest potential for breeding of superior lines is the evaluation of inbred families, derived from these populations. These families are evaluated in two or three generations (Ramalho et al. 2001) for the traits with a more complex inheritance, including grain yield and plant architecture. At this stage, it would not be possible to evaluate stunted growth due to the lack of a negative control (plants of the same genotype). However, as there is strong evidence that severity of Fusarium wilt is controlled by a few dominant genes, the inoculation of F 2 plants with Fop and breeding of resistant lines only will ensure the presence of the resistance gene in plants within the lines in later inbred generations. When breeding lines are obtained, Fop inoculation could also be used again, considering only lines with resistant plants for evaluation in field trials in different years, seasons and locations. At this stage, the Fop-resistant lines can also be assessed for the trait stunted growth, increasing the chances of success in breeding common bean for Fusarium wilt resistance.
The resistance of common bean to Fusarium wilt (isolate FOP UFV 01) is controlled by a few dominant genes, while reduction in plant growth, a response of Fop susceptibility, is governed by another set with dominant and recessive genes. Stunted growth can potentially be used to select parents and inbred common bean lines for breeding for resistance to Fusarium wilt. The segregating population, derived from the cross VC 25 / CVIII 8511 // VC 25 / Pérola, is promising for common bean breeding for the traits grain yield, resistance to Fusarium wilt and stunted growth. 
